The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS (MUCHFUSS) aims to find sdBs with compact companions like massive white dwarfs, neutron stars or black holes. Here we provide classifications, atmospheric parameters and a complete radial velocity (RV) catalogue containing 1914 single measurements for an sample of 177 hot subluminous stars discovered based on SDSS DR7. 110 stars show significant RV variability, while 67 qualify as candidates. We constrain the fraction of close massive compact companions of hydrogen-rich hot subdwarfs in our sample to be smaller than ∼ 1.3%, which is already close to the theoretical predictions. However, the sample might still contain such binaries with longer periods exceeding ∼ 8 d. We detect a mismatch between the ∆RV max -distribution of the sdB and the more evolved sdOB and sdO stars, which challenges our understanding of their evolutionary connection. Furthermore, irregular RV variations of unknown origin with amplitudes of up to ∼ 180 km s −1 on timescales of years, days and even hours have been detected in some He-sdO stars. They might be connected to irregular photometric variations in some cases.
Introduction
Hot subdwarf stars (sdO/Bs) show spectral features similar to hot main sequence stars, but are much less luminous and therefore more compact. Depending on their spectral appearance, hot subdwarf stars can be divided into subclasses (Moehler et al. 1990 ; see Drilling et al. 2013 for a more detailed classification scheme). While the observational classification seems straightforward, the formation and evolution of those objects is still unclear.
In the Hertzsprung-Russell diagram most hot subdwarf stars are situated at the blueward extension of the Horizontal Branch (HB), the so called Extreme or Extended Horizontal Branch (EHB, Heber et al. 1986 ). The most common class of hot subdwarfs, the sdB stars, are located on the EHB and are therefore considered to be core-helium burning stars. They have very thin hydrogen dominated atmospheres (M env /M sdB ≃ 10 −3 , n He /n H ≤ 0.01), their effective temperatures (T eff ) range from 20 000 K to 40 000 K and their surface gravities (log g) are one to two orders of magnitude higher than those of main sequence stars of the same spectral type (usually between log g = 5.0 and 6.0).
SdB stars are likely formed from stars that almost entirely lose their hydrogen envelopes after climbing up the red giant branch (RGB). The outer layer of hydrogen that remains does not have enough mass to sustain a hydrogen-burning shell, as is the case for cooler HB stars. Therefore the star can not evolve in the canonical way and ascend the Asymptotic Giant Branch (AGB). Instead the star remains on the EHB until corehelium burning stops, and after a short time of shell-helium burning eventually reaches the white dwarf (WD) cooling tracks. According to evolutionary calculations the average lifetime on the EHB is of the order of 10 8 yr (e.g. Dorman et al. 1993) . In this canonical scenario the hotter (T eff = 40 000 − 80 000 K) and much less numerous hydrogen rich sdOs can be explained as rather short-lived shell-helium burning stars evolving away from the EHB.
Systematic surveys for radial velocity (RV) variations revealed that a large fraction of the sdB stars (40 − 70 %) are members of close binaries with orbital periods ranging from ≃ 0.05 d to ≃ 30 d (Maxted et al. 2001; Morales-Rueda et al. 2003; Copperwheat et al. 2011) . Most of the known companions of sdBs in radial velocity variable close binary systems are white dwarfs or late type main sequence stars, but substellar companions like brown dwarfs have been found as well (see Kupfer et al. 2015 and references therein). Those systems were most likely formed after a common envelope (CE) and spiral-in phase, which also provides an explanation for the required mass-loss on the RGB. However, apparently single sdBs and wide binary systems (Vos et al. 2012 (Vos et al. , 2013 Barlow et al. 2013 ) exist as well. In those cases, it is less straightforward to explain the formation of the sdBs (see Geier 2013 for a review).
Hot subdwarf binaries with massive WD companions are good candidates for SN Ia progenitors. Due to gravitational wave radiation the orbit will shrink further and mass transfer from the sdB onto the WD will start once the sdB fills its Roche lobe. The Chandrasekhar limit might be reached either through He accretion on the WD (e.g. Yoon & Langer 2004 and references therein) or a subsequent merger of the system (Tutukov et al. 1981; Webbink 1984) . Two sdBs with massive WD companions have been identified to be good candidates for being SN Ia progenitors (Maxted et al. 2000a; Geier et al. 2007; Vennes et al. 2012; Geier et al. 2013b) . Neutron star (NS) or even black hole (BH) companions are predicted by theory as well Pfahl et al. 2003) . In this scenario two phases of unstable mass transfer are needed and the NS or the BH is formed in a supernova explosion. Nelemans (2010) showed that about 1% of the short period sdBs should have NS companions whereas about 0.1% should have BH companions. In an independent study Yungelson et al. (2005) predicted the number of systems with NS companions to be about 0.8%. However, no NS/BH companion to an sdB has yet been detected unambiguously whereas a few candidates have been identified (Geier et al. 2010b ). Most recently, Kaplan et al. (2013) discovered the close companion to the pulsar PSR J1816+4510 to be a He-WD progenitor with atmospheric parameters close to an sdB star (T eff = 16 000 K, log g = 4.9).
The formation of the helium-rich classes of He-sdO/Bs is even more puzzling. Most (but not all) He-sdOs are concentrated in a very small region in the T eff -log g plane, slightly blueward of the EHB at T eff = 40 000 − 80 000 K and log g = 5.60 − 6.10 (Ströer et al. 2007; Nemeth et al. 2012 ). The He-sdBs are scattered above the EHB. The late hot flasher scenario provides a possible channel to form these objects (Lanz et al. 2004; Miller Bertolami et al. 2008) . After ejecting most of its envelope at the tip of the RGB, the stellar remnant evolves directly towards the WD cooling tracks and experiences a late core helium flash there. Helium and other elements like carbon or nitrogen are mixed into the atmosphere and the star ends up close to the helium main sequence. Depending on the depth of the mixing, stars with more or less helium in the atmospheres and different atmospheric parameters can be formed in this way. Most recently, Latour et al. (2014) found a correlation between the carbon and helium abundances of the He-sdOB stars in the globular cluster ω Cen, which is predicted by late hot flasher models. Hirsch (2009) discovered a similar correlation for field helium-rich hot subdwarf (see also Heber & Hirsch 2010) . Similar to the formation scenarios for sdB stars, the late hot flasher channel requires extreme mass-loss on the RGB probably triggered by binary interactions. However, the population of He-sdOs observed so far seems to consist mostly of single stars. Only one RV-variable He-sdO has been reported in the SPY sample, which corresponds to a fraction of only 3 % (Napiwotzki 2008) . However, higher fractions have been reported for the He-sdO populations in the PG sample (Green et al. 2008 ).
An alternative way of forming single hot subdwarfs is the merger of two helium white dwarfs in a close binary (Webbink 1984; Iben & Tutukov 1984) . Loss of angular momentum through the emission of gravitational radiation will cause the system to shrink. Given the initial separation is small enough, the two white dwarfs eventually merge and if the mass of the merger is high enough, core-helium burning is ignited and a hot subdwarf is formed. Due to the strong mixing during the merger process, the atmospheres of the merger products are expected to be helium-rich (Zhang & Jeffery 2012) .
Some hot subluminous stars are not connected to EHBevolution at all. Objects with spectra and atmospheric parameters similar to normal sdBs are known, which are situated below the EHB (e.g. Heber et al. 2003; Silvotti et al. 2012 ). These objects are considered to be direct progenitors of helium white dwarfs, which descend from the red giant branch. For these low-mass post-RGB objects, which cross the EHB, evolutionary tracks indicate masses of about 0.20 − 0.33 M ⊙ (Driebe et al. 1998) . In order to form such objects, the mass loss on the RGB has to be more extreme than in the case of EHB stars. Objects down to even lower masses are known as extremely low-mass (ELM) WDs, which are members of close binary systems (e.g. Brown et al. 2012 ). More massive He-stars, like the so-called low-gravity or luminous He-sdOs (Jeffery et al. 2008 ) also belong to the class of hot subdwarfs and are situated between the EHB and the main sequence.
The MUCHFUSS project
The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS (MUCHFUSS) aims to find hot subdwarf stars with massive compact companions like massive white dwarfs (> 1.0 M ⊙ ), neutron stars or stellar mass black holes. Hot subdwarf stars were selected from the Sloan Digital Sky Survey by colour and visual inspection of the spectra. Hot subdwarf stars with high radial velocity variations were selected as candidates for follow-up spectroscopy to derive the radial velocity curves and the binary mass functions of the systems. Geier et al. (2011a) discussed the target selection and the follow-up strategy. Detailed analyses of sdB binaries discovered in the course of this project are given in Geier et al. (2011b) and Kupfer et al. (2015) . Three eclipsing systems have been discovered, two of them being the first sdBs with brown dwarf companions (Geier et al. 2011c; Schaffenroth et al. 2014) . One system turned out to be the first sdB hybrid pulsator showing a reflection effect (Østensen et al. 2013 ). The photometric follow-up campaign of the MUCHFUSS project will be described in detail in Schaffenroth et al. (in prep) . During dedicated spectroscopic MUCHFUSS follow-up runs bright sdB binary candidates were observed in a supplementary programme (Geier et al. 2013b (Geier et al. , 2014a . Hot subdwarfs with a high but constant radial velocity were studied in the Hyper-MUCHFUSS project (Tillich et al. 2011) .
Here we present classifications, radial velocities and atmospheric parameters of the close binary candidates discovered in the MUCHFUSS project so far. In Sect. 3 we describe the observations, target selection, classification and quantitative spectral analysis of our sample as well as the radial velocity catalogue. In Sect. 4 the different populations of RV variable hot subluminous stars are presented and discussed. A summary is then given in Sect. 5.
Target selection, observations, spectroscopic analysis

Observations and sample selection
While the target selection presented in Geier et al. (2011a) includes SDSS up to Data Release 6 only, we have now applied the same selection criteria to Data Release 7 (Abazajian et al. 2009 ). Hot subdwarf candidates were selected by applying a colour cut to SDSS photometry. All point source spectra within the colours u − g < 0.4 and g − r < 0.1 were selected and downloaded from the SDSS Data Archive Server 1 . By visual inspection we selected and classified ≃ 10 000 hot stars. Most objects much fainter than g = 19 mag have been excluded because of insufficient quality. The sample contains 1369 hot subdwarfs, consistent with the preliminary number of hot subdwarfs (1409) found by Kleinman et al. (2010) in SDSS-DR7.
The SDSS spectra are co-added from at least three individual integrations with typical exposure times of 15 min taken consecutively. We have obtained those individual spectra for stars brighter than g = 18.5 mag. In addition, second epoch medium resolution spectroscopy was obtained from SDSS as well as our own observations, using ESO-VLT/FORS1, WHT/ISIS, CAHA-3.5m/TWIN and ESO-NTT/EFOSC2 (see Table 1 , Geier et al. 2011a) . Typical exposure times ranged from 10 min to 20 min. The S/N of the individual spectra ranges from about 15 to about 100.
The radial velocities were measured by fitting a set of mathematical functions (Gaussians, Lorentzians and polynomials) to the spectral lines using the FITSB2 routine (Napiwotzki et al. 2004) . Three functions are used to match the continuum, the line and the line core, respectively and mimic the typical Voigt profile of spectral lines. The profiles are fitted to all suitable lines simultaneously using χ 2 -minimization and the RV shift with respect to the rest wavelengths with the associated 1σ error is measured. For the hydrogen-rich stars the Balmer and helium lines of sufficient strength have been used. For the helium-rich stars we used appropriate lines of neutral and single ionized helium. Since some of those stars still have significant hydrogen contamination we avoided the helium lines from the Pickering series, because they can be blended by the weaker hydrogen Balmer lines. Each single fit has been inspected visually and outliers caused by cosmic rays and other artifacts have been excluded. Heliocentric corrections have been applied to the RVs and midJDs derived for the follow-up spectra, while the SDSS spectra available in the archive are already corrected. 1 das.sdss.org Fig. 1 . T eff − log g diagram of the full sample of hot, subluminous, RV-variable stars. The size of the symbols scales with ∆RV max . The black circles mark stars with hydrogen dominated atmospheres (log y < 0), while the red diamonds mark stars with helium dominated atmospheres. The helium main sequence (HeMS) and the HB band are superimposed with HB evolutionary tracks (dashed lines) for subsolar metallicity (log z = −1.48) from Dorman et al. (1993) . The three tracks in the high temperature range correspond to helium core masses of 0.488, 0.490 and 0.495 M ⊙ (from bottom-left to top-right). Those tracks mark the EHB evolution, since the stars do not reascend the giant branch in the helium shell-burning phase. The two tracks in the upper right correspond to core masses of 0.53 and 0.54 M ⊙ . BHB stars following those tracks are expected to experience a second giant phase. The solid line marks the relevant part of the zero-age main sequence for solar metallicity taken from Schaller et al. (1992) . The two dotted lines are post-AGB tracks for hydrogenrich stars with masses of 0.546 (lower line) and 0.565 M ⊙ (upper line) taken from Schönberner (1983) . The two long-dashed lines are post-AGB tracks for helium-rich stars with masses of 0.53 (lower line) and 0.609 M ⊙ (upper line) taken from Althaus et al. (2009) .
The average 1σ RV error of all the measurements in the catalogue is ∼ 15 km s −1 , which is consistent with independent checks of the SDSS wavelength stability using SDSS observations of F-stars (< 14.5 km s −1 , Rebassa-Mansergas et al. 2007 ). To correct for systematic shifts between different instruments we observed RV standards in our follow-up runs. The RMS scatter around the orbital fits of the solved binaries in our sample is also consistent with the formal uncertainties (for details, see Geier et al. 2011b; Kupfer et al. 2015) . We selected all objects with maximum RV shifts discrepant at the formal 1σ-level and found 196 candidates for RV variability.
Visual classification
The basic classification of the hot subdwarf sample was done by visual inspection based on existence, width, and depth of From the total number of 1369 hot subdwarfs, 983 belong to the class of single-lined sdBs and sdOBs. Features indicative of a cool companion were found for 98 of the sdBs and sdOBs. Nine sdOs show spectral features of cool companions, while 262 sdOs, most of which show helium enrichment, are single-lined.
Comparing the results from the visual classification with the more detailed quantitative spectral analysis for the RV variable subsample presented here (see Sect. 4), we conclude that our visual classification should be accurate to about 90%. A catalogue with classifications and atmospheric parameters of the full SDSS sample including more recent data releases is in preparation. Here we restrict ourselves to the RV-variable sample.
Atmospheric parameters and spectroscopic distances
To refine the visual classification and derive the atmospheric parameters a quantitative spectral analysis of the coadded SDSS spectra (or follow-up spectra of higher quality, if available) was performed for all RV variable stars in our sample with data of sufficient quality. The method is described in Geier et al. (2011b) . We used appropriate model grids for the different classes of hot stars. The hydrogen-rich and helium-poor (log y = log n(He)/n(H) < −1.0) stars with effective temperatures below 30 000 K were fitted using a of grid of metal line blanketed LTE atmospheres with solar metallicity. Helium-poor stars with temperatures ranging from 30 000 K to 40 000 K were analysed using LTE models with enhanced metal line blanketing (O'Toole & Heber 2006) . Metal-free NLTE models (Ströer et al. 2007 ) were used for hydrogen-rich stars with temperatures below 40 000 K showing moderate He-enrichment (log y = -1.0 -0.0) and for hydrogen-rich sdOs. Finally, the He-sdOs were analysed with NLTE models taking into account the line-blanketing caused by nitrogen and carbon (Hirsch & Heber 2009 ).
Spectroscopic distances to our stars have been calculated as described in Ramspeck et al. (2001) assuming the canonical mass of 0.47 M ⊙ for the subdwarfs and appropriate masses for objects of other classes (0.5 M ⊙ for blue horizontal branch star candidates and 3.5 M ⊙ for runaway main-sequence B star candidates, Geier et al. 2015 ; 0.6 M ⊙ for post-AGB stars, Reindl et al. 2015) using the formula given by Lupton 2 to convert SDSS-g and r magnitudes to Johnson V magnitudes. Interstellar reddening was neglected in these calculations.
Spectroscopic follow-up, criterion for variability and radial velocity catalogue
During our follow-up campaign we obtained medium resolution (R = 1200 − 7700), time-resolved spectroscopy using WHT/ISIS, CAHA3.5m/TWIN, ESO-NTT/EFOSC2, SOAR/Goodman, Gemini/GMOS, INT/IDS and the grating spectrograph at the 1.9m telescope at SAAO (see Table 1 , Geier et al. 2011b; Kupfer et al. 2015) and measured the RVs as described above.
To estimate the fraction of false detections produced by random fluctuations and calculate the significance of the measured RV variations we apply the method outlined in Maxted et al. (2001) . For each star we calculate the inverse-variance weighted mean velocity from all measured epochs. Assuming this mean velocity to be constant, we calculate the χ 2 . Comparing this value with the χ 2 -distribution for the appropriate number of degrees of freedom we calculate the probability p of obtaining the observed value of χ 2 or higher from random fluctuations around a constant value. The maximum RV shifts (∆RV max ), the average 1σ uncertainties of the two corresponding measurements, the timespan between those two epochs and the logarithm of the false-detection probability log p are given in Tables 3-5. We consider the detection of RV variability to be significant, if the false-detection probability p is smaller than 0.01% (log p < −4.0). The fraction of such significant detections in our initial sample of 196 is 56% (110 objects). Objects with falsedetection probabilities between 0.01% and 5% (log p = −4.0 to log p = −1.3) are regarded as candidates for RV variability and constitute 34% of the initial sample (67 objects). About 10% (log p > −1.3, 19 objects) are regarded as non-detections (the parameters of those stars can be found in Table A .1). Removing
Fig. 3. Left panel:
Highest radial velocity shift between individual spectra plotted against time difference between the corresponding observing epochs. The filled red diamonds mark sdB binaries with known orbital parameters , while the filled black circles mark the rest of the hydrogen-rich sdB sample of RV variable stars. Right panel: The same plot for the hydrogen-rich sdOB and sdO sample of RV variable stars. those non-detections we end up with a sample of 177 stars, which show RV variability with probabilites between 95% and 99.9% (see Table 2 ). Orbital solutions were already derived for 22 close binary sdB systems (see Kupfer et al. 2015 and references therein). The catalogue contains 1914 epochs (mid-HJD), associated radial velocities and 1σ-RV-uncertainties of the RV variable stars as well as information about the instruments used to obtain the spectra. It can be accessed online from the Vizier database operated by CDS.
Radial velocity variable populations of hot subluminous stars
Since our sample has been preselected in the way outlined above it is not straightforward to derive the true fractions of RV variable stars for each class of hot subdwarfs. Most stars in our sample have been selected based on RV variations between the individual SDSS spectra, which have usually been taken within just 45 min. Only binaries with sufficiently short orbital periods and high RV amplitudes show significant variations on such short timescales, while binaries with smaller RV amplitudes and longer periods remain undetected. Fig. 1 shows the T eff − log g-diagram of the RV variable sample. Most of the stars are indeed associated with the EHB and therefore most likely core or shell-helium burning hot subdwarfs. Four objects have higher temperatures and are more likely hydrogen and helium-rich post-AGB objects. Nine stars have temperatures below 20 000 K and most of them are likely associated with the blue horizontal branch (see Table 5 ). The B-type binary candidates are discussed separately in Geier et al. (2015) , the hot post-AGB stars in Reindl et al. (2015) .
Although only the orbits of 22 binaries from our sample have been solved, the distribution of ∆RV max can be used as a diagnostic tool as well. The width of this distribution scales with the width of the companion mass distribution as well as the distribution of orbital periods.
Hydrogen-rich hot subdwarf stars and their evolutionary connection
The most common class of RV variable objects in our sample are sdB, sdOB and sdO stars with hydrogen-dominated atmospheres (see Table 3 ). Fig. 2 shows the T eff − log g-diagram of this subsample. As expected, most objects are concentrated on the EHB and some objects follow the tracks of more evolved shell-helium burning stars. This distribution is consistent with other studies (e.g. Nemeth et al. 2012) . However, it is not clear whether all objects situated above the EHB are really shell-helium burning stars that evolved along the predicted evolutionary tracks. Other objects like low-mass post-RGB stars evolve in a different way and might constitute a certain fraction of stars in this region of the T eff − log g-diagram.
The detected RV-variability in those objects is very likely caused by binary motion. Up to now the orbital parameters of 142 close binaries have been measured. Most of the solved systems have hydrogen-rich sdB primaries, but this sample also contains 46 hydrogen-rich sdOB and sdO stars (see and references therein, but see also the discussion in Sect. 4.5). Another possible source of RV-variations are shortperiod p-mode pulsations. However, the fraction of pulsating hot subdwarf stars is quite small (about 5%) and the RV-variations are usually smaller than our detection limit. Even in the most extreme cases known, where those variations can reach amplitudes of 10 − 20 km s −1 (e.g. O'Toole et al. 2005), we would most likely not resolve and detect them in our data, because our exposure times are usually longer than the typical periods (a few minutes) of those pulsations.
The additional information provided by the RV variability (Table 3 , Fig. 3 ) allows us to probe the connection between objects on the EHB classified as sdBs (100 RV variable objects) with stars that are situated above the EHB classified as sdOB or sdO (40 RV-variable objects). While the internal structure and the atmospheric parameters of the hot subdwarf change with time, the orbital period and the companion mass are not predicted to change significantly within the lifetime of the sdB (∼ 100 Myr). A significant shortening of the orbital period due to angular momentum lost by gravitational wave emission is only predicted for the most compact binaries with the most massive companions, which turned out to be quite rare (e.g. Geier et al. 2007 Geier et al. , 2013b . Furthermore, the orbital evolution will always lead to shorter periods and therefore higher RV-amplitudes. If the sdBs on the EHB evolve to become hydrogen-rich sdOB and sdO stars, the ∆RV max -distribution should esentially remain the same. Fig. 4 shows the ∆RV max -distribution of both subsamples. While the distribution below 100 km s −1 looks very similar as expected, the sdB sample shows a wider range of RV shifts (see Fig. 5 . Distribution of spectroscopic distances for the hydrogenrich sdB, sdOB and sdO stars (see Table 3 ).
also Fig. 3 ). This can only be partly explained by the smaller size of the sdOB/sdO sample. There are also no significant differences in data quality and temporal sampling between the two different groups. Essentially the same hydrogen Balmer lines have been used to measure the RVs. The reason for this mismatch, which challenges our understanding of EHB evolution, is unclear.
Low-mass post-RGB binaries
Our sample contains two sdBs that might be good candidates for low-mass post-RGB stars. With a low effective temperature of 20 500 K and a rather high surface gravity log g = 5.52 J083334.76-045759.4 is situated well below the EHB. Such a location is inconsistent with core-helium burning. Furthermore, it shows a high ∆RV max = 161 km s −1 . J094750.71+162731.8 is hotter (T eff = 30000 K), but has a very high surface gravity log g = 6.25. Also situated below the EHB it shows ∆RV max = 130 km s −1 . However, whether a significant contribution of lowmass post-RGB binaries leads to the wider distribution of RVshifts, still needs to be studied in more detail (see also discussion in Geier et al. 2013a ).
Hierarchical triple systems
One sdB in our sample is a double-lined system and shows weak spectral features of a main-sequence companion. J205101.72+011259.7 shows a shift of 91.0 ± 31.5 km s −1 within just 0.0141 d with a false-detection probability of only 0.05%. It is very unlikely that this variation is caused by the main-sequence companion. The solved orbits of sdB+MS binaries have long periods of the order of 1000 d (Vos et al. 2012 (Vos et al. , 2013 Barlow et al. 2012 Barlow et al. , 2013 . We therefore conclude that J205101.72+011259.7 is another candidate for a hierarchical triple system consisting of an sdB in a short-period binary with unseen companion and a main sequence star orbiting this inner binary with a long period (e.g. Barlow et al. 2014 , see also discussion in Kupfer et al. 2015) .
The fraction of massive compact companions
The primary aim of the MUCHFUSS project is to find massive compact companions to sdB stars. However, only two known sdB binaries with periods shorter than 0.1 d and ∆RV max ∼ 700 km s ( Geier et al. 2007 Geier et al. , 2013b . SdB+NS/BH binaries with similar periods would have ∆RV max > 1000 km s −1 . However, the highest ∆RV max measured in our subsample of hydrogen-rich sdB, sdOB and sdO stars is just 359 km s −1 (see Table 3 ). Due to the RV sampling of our dataset provided by the individual SDSS spectra it is very unlikely that we have missed a short-period (0.1 d) binary with an ∆RV max > 1000 km s −1 by chance. To estimate an upper limit for the fraction of such extremely close binary sdB+NS/BH binaries in our sample we count the number of hydrogen-rich sdBs and sdOBs with significant RV variability (log p < −4.0) in our sample (76 objects, see Table 3 ) and invert it. In this way we derive the fraction of those objects in our sample to be smaller than 1.3%. This fraction is still consistent with the theoretically predicted fractions of about 1% (Yungelson et al. 2005; Geier et al. 2010b; Nelemans 2010) .
However, we would most likely not expect the most massive compact companions in our sample to have such short orbital periods anyway. To allow the massive companion to spiral in deep enough to form such compact binaries during the common envelope phase, the red-giant progenitors of the sdB stars are predicted to have tightly bound envelopes and to be rather massive (2 − 3 M ⊙ , Geier et al. 2013b) . Such stars are only found in young field populations like the Galactic thin disk and the two sdB binaries with the most massive WD companions known so far indeed belong to this population (Maxted et al. 2000a; Geier et al. 2007; Geier et al. 2013b ). Fig. 5 shows the distribution of spectroscopic distances for the sample. Those distances range from 1 to more than 20 kpc. Taking into account that the SDSS footprint mostly covers high Galactic latitudes and assuming a scale-height of ∼ 0.3 kpc for the thin disk, we conclude that the vast majority of the stars in Fig. 7 . Highest radial velocity shift between individual spectra plotted against time difference between the corresponding observing epochs for helium-rich sdO and sdOB stars (see Fig. 3 ).
our sample do not belong to this young population. Most binary candidates exceeding d ∼ 3 kpc should belong to the old Galactic halo population, the rest to the intermediate thick disk population. Since both populations do not contain intermediate mass main-sequence stars, which are the likely progenitors of short-period sdBs with massive compact companions, it is no surprise that we do not find them in our sample.
While we can exclude sdB binaries with periods of a few hours and massive compact companions, our sample might still contain such objects with longer periods. Since more massive companions are expected to be quite efficient in ejecting the common envelope, such binaries might exist. Taking into account the ∆RV max -distribution and the fraction of solved binary orbits (see Fig. 3 ), we estimate that a yet undetected population of long-period binaries with K < 100 km s −1 might be present. Assuming the canonical sdB mass of 0.47 M ⊙ and a minimum companion mass at the Chandrasekhar limit (1.4 M ⊙ ) this translates into orbital periods longer than ∼ 8 d.
Irregular RV variations of helium-rich hot subdwarf stars
Our RV-variable sample contains 29 helium-rich hot subdwarf stars. 14 of them show significant RV variations while 15 qualify as candidates (see Table 4 ). Most of them are situated close to the He-MS in the T eff − log g-diagram (see Fig. 6 ) and the atmospheric parameters are quite typical for the field population of He-sdOs (T eff = 40 000 −50 000 K, Ströer et al. 2007; Nemeth et al. 2012) . However, quite a number of stars have lower temperatures between 35 000 K and 40 000 K. Those helium-rich sdOBs are rare in the field population, but quite dominant in the globular cluster ω Cen (Latour et al. 2014) . Following the discussion in Latour et al. (2014) this might be related to the age of the parent population, since most of the stars in our sample belong to the old thick disk or halo populations, while most of the bright stars studied by Nemeth et al. (2012) belong to the young thin disk population. The He-sdOs J232757.46+483755.2 and J110215.45+024034.1 seem to be more evolved than the rest of the sample and might also be associated to the helium-rich post-AGB stars.
J160450.44+051909.2 and J160623.21+363005.4 belong to the class of He-sdOBs with lower surface gravity (e.g. Naslim et al. 2010) .
3 Only one He-sdOB is known to be in a close doublelined, spectroscopic binary with an almost identical companion of the same type (Sener & Jeffery 2014 ). Another close binary contains an sdB with intermediate helium-enrichment (Naslim et al. 2012 ). Follow-up observations are needed to study the binary properties of those rare objects and compare them with the other hot subdwarf populations.
The discovery of RV variable He-sdOs (Green et al. 2008; Geier et al. 2011a ) on the other hand seemed to be inconsistent with the idea, that those stars are formed by He-WD mergers (e.g. Webbink 1984) , because merger products are expected to be single stars. Fig. 7 shows the maximum RV shifts between individual spectra plotted against the time difference between the corresponding epochs. When compared with Fig. 3 one can see that there are no stars with shifts higher than ∼ 200 km s
and that the number of objects showing shifts at short timespans (< 0.1 d) is smaller as well.
Because of the important implications for their formation, we were eager to solve the first He-sdO binaries and gave them high priority in our follow-up campaign. However, although we gathered up to 59 epochs for some of them, we were not able to find a single orbital solution. Adding more data in general degraded preliminary solutions that looked promising. Besides assuming circular orbits we also allowed for eccentricity and explored especially the parameter space of high orbital eccentricities (see Geier et al. 2011b) . No periodic variations could be detected with sufficient significance. 3 In the literature those objects are usually called He-sdBs, but here we follow the more detailed spectroscopic classification outlined in Sect. 3.2. . V B -band lightcurve of J141549.05+111213.9 taken with the BUSCA camera mounted at the 2.2m telescope at Calar Alto (Schaffenroth et al. in prep.) . Fig. 8 shows the radial velocities of the two He-sdO stars J141549.05+111213.9 and J232757.46+483755.2 for which we obtained the most data. Significant RV variations with amplitudes of up to ∼ 180 km s −1 are seen on timescales of years, days and even hours. While J141549.05+111213.9 has atmospheric parameters typical for He-sdO stars, J232757.46+483755.2 has a higher effective temperature and seems to be more evolved (see Table 3 , Fig. 6 ).
The origin of these irregular RV variations remains unclear. Østensen et al. (2010) reported the discovery of irregular variations in the light curve of the He-sdOB star J19352+4555 observed by the Kepler mission. Jeffery et al. (2013) found another He-sdOB star with Kepler light curves (KIC 10449976) that shows a variation with a period of 3.9 d and variable amplitude. Radial velocity follow-up with time-resolved spec-troscopy revealed a possible, but still marginal RV variability of 50 ± 20 km s −1 . Most recently, Green et al. (2014) reported irregular variations in the lightcurves of two helium-rich and one hydrogen-rich sdO star. They also found RV variations of up to 20 km s −1 for some hydrogen-and helium-rich sdO stars. During our photometric follow-up campaign (Schaffenroth et al. in prep.) we obtained a light curve of J141549.05+111213.9 (see Fig. 9 ) showing irregular variations very similar to the ones found by Green et al. (2014) . There might therefore be a link between those two phenonema. A similar light curve of J232757.46+483755.2 showed no such variations, but this might also be an indication for their transient nature. It remains to be seen whether the high RV variations we found are really connected to the light curve variations observed in similar stars.
Whether this behaviour is restricted to helium-rich sdOs only or might also affect hydrogen-rich sdOs is unclear. The possibly connected photometric variations discovered by Green et al. (2014) affect both kinds of sdOs. Also the distributions of maximum RV-shifts for both populations look quite similar (see Fig. 3  right panel, Fig. 7) . However, since we focused our follow-up mostly on hydrogen-rich sdBs and helium-rich sdOs, we did not obtain a sufficient number of RVs to check for irregular variations in one of the hydrogen-rich sdOs. An important difference between the two populations is that at least some hydrogen-rich sdOs are known to reside in close binaries (see Kupfer et al. 2015 and references therein), whereas not a single He-sdO in a close binary system has been found yet.
Some ideas have been put forward to explain the light curve variations. Jeffery et al. (2013) suggested that the variations might be due to star spots caused by magnetic fields. They also discuss the possibility of a shallow reflection effect originating from the irradiated hemisphere of a cool low-mass companion. Bear & Soker (2014) propose a heated planetary companion with strong weather to be responsible for the variability of KIC 10449976. Green et al. (2014) see strong similarities of the variations detected in their stars to the variations seen in some cataclysmic variables and attribute them to the presence of accretion disks. The high and irregular RV variations seen in our objects can be hardly explained in those ways. A reflection effect binary with a low-mass companion should show periodic variations with small RV amplitudes and the presence of an accretion disk would require a close companion as well.
Another possible reason might be magnetic activity of those stars. Heber et al. (2013) reported the discovery of a He-sdO star with significant Zeeman-splitting and a magnetic field of several hundred kG. More of those objects have been discovered recently (Nemeth priv. comm.) . Variable magnetic fields might lead to distortions of the spectral lines, which are not resolved in the medium-resolution spectra we have and may mimic irregular RV shifts. However, the very high RV shifts observed are again hardly consistent with such a scenario. High-resolution, timeresolved follow-up photometry, spectroscopy, and maybe also spectropolarimetry are necessary to study those mysterious RV shifts.
Summary
In this paper we provide classifications, atmospheric parameters and a complete RV catalogue containing 1914 single measurements of the 177 most likely RV variable hot subluminous stars discovered in the MUCHFUSS project from SDSS DR7.
We detect a mismatch between the ∆RV max -distribution of the sdB and the more evolved sdOB and sdO stars, which challenges our understanding of their evolutionary connection. Our sample contains two candidates for He-WD progenitors. Furthermore, one of the RV variable sdB binaries is double-lined and a candidate for a hierarchical triple system.
Based on the ∆RV max -distribution of the hydrogen-rich sdB and sdOB stars we constrain the fraction of close massive compact companions in our sample to be smaller than ∼ 1.3%. However, the sample might still contain such binaries with longer periods exceeding ∼ 8 d. Future studies should therefore concentrate on this parameter range.
Irregular RV variations of unknown origin with amplitudes of up to ∼ 180 km s −1 on timescales of years, days and even hours have been detected in some He-sdO stars. They might be connected to irregular photometric variations in some cases. Based on observations obtained at the Gemini Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the NSF on behalf of the Gemini partnership: the National Science Foundation (United States), the Science and Technology Facilities Council (United Kingdom), the National Research Council (Canada), CONICYT (Chile), the Australian Research Council (Australia), Ministrio da Ciłncia e Tecnologia (Brazil) and Ministerio de Ciencia, Tecnologa e Innovacin Productiva (Argentina).
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